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dy of the impact of heat treatment
on the microstructure, morphology, optical and
dielectric properties of nanostructured Co–Mn
ferrite

J. Othmani,a Ah. Dhahri, *b S. Hcini, c M. L. Bouazizi,d K. Khirouni,e E. Dhahri a

and Benilde F. O. Costab

Nanoscale materials are attracting a great deal of attention due to their exceptional properties, making them

indispensable for many advanced applications. Among these materials, spinel ferrites stand out for their

potential applications in electronic, optoelectronic, energy storage and other devices. This is why the

development of a synthesis process combined with rigorous optimization of annealing conditions is

provided to be an essential approach to control nanoparticle formation and fine-tuning their structural,

morphological and functional characteristics. A new approach is proposed to tailor the multifunctional

properties of cobalt–manganese ferrites by synthesizing a non-stoichiometric composition. The compound

Co0.33Mn0.33Fe2.33O4, containing an excess of Fe in the B sites, was obtained by the coprecipitation method

combined with controlled annealing treatments. This strategy allows for the synergistic adjustment of

structural, morphological, optical, and dielectric properties, and establishes a direct link between

microstructural evolution and improved device performance. X-ray diffraction analysis confirmed the

formation of a single-phase cubic spinel phase. The average crystallite size increased from 28 nm to 31 nm

with higher annealing temperatures, indicating improved crystallinity. Morphological analysis by scanning

electron microscopy revealed a significant grain growth and a reduction in irregular grain boundaries,

which can minimize charge carrier scattering (beneficial for high-frequency capacitor and microwave

device applications). UV-visible-near infrared spectroscopy showed a decrease in the optical band gap

from 3.13 eV to 2.45 eV with increasing temperature, indicating a change in electronic structure. This

variation suggests that the material can be integrated into devices such as transistors, modulators or optical

switches. Finally, dielectric measurements revealed a high dielectric constant with low losses, underlining

the potential of this material for applications in high-performance components.
1. Introduction

Spinel ferrites with the general formula AB2O4 are the subject of
extremely intensive research due to the wide range of potential
technological applications, this includes energy storage devices
(supercapacitors and batteries), optical systems, liquid cooling
systems, and gas sensors. It also includes various biomedical
applications, such as contrast agents for magnetic resonance
imaging (MRI), magnetic-guided drug delivery, and cancer1–16
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Cobalt ferrite (CoFe2O4) is one of the best-known spinel ferrites.
Its interesting dielectric, optical, structural and morphological
properties make it a valuable material for a variety of applica-
tions. Kershi et al.17 observed in their extensive study of cobalt
ferrite that it exhibits low values for some parameters such as
lattice constant a, mean crystallite size D, absorption coefficient
a, refractive index n, dielectric constant 30 and conductivity. On
the other hand, high values were found for the direct and
indirect energy gaps, elastic moduli (E, B, G) as well as the
Debye temperature (qD). These results suggest that the material
can be used in a variety of potential applications, including
high-temperature and high-pressure environments. With an
energy gap below 2 eV, the material is particularly suitable for
photo-Fenton applications in the visible light range and for
some magnetic storage systems for specic applications. In
their studies based on theoretical calculations by DFT con-
cerning optical properties, Elham Gharibshahi et al.18 identied
various approaches that will allow design engineers to adapt
RSC Adv., 2025, 15, 31853–31864 | 31853
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CoFe2O4 nanoparticles for different possible applications,
including in electronic devices, sensors, andmicrowave devices.
Chen et al.13 studied the properties of cobalt ferrite. They found
that this type of material exhibitedmagnetostriction in excess of
200 ppm while having a high d33 coefficient of 1.3 × 10−9 A−1m
at low applied eld strength. These results make the compound
a promising candidate for torque sensors, various other
magnetostrictive sensor and actuator applications. Previous
studies by Kai Wei et al.8 revealed that CoFe2O4 exhibits N-type
gas sensing behavior, characterized by a decrease in resistance
when exposed to a reducing gas. Sensors based on CoFe2O4 have
proven effective for ethanol detection, operating at a tempera-
ture of 200 °C. By doping cobalt ferrites with metallic elements,
researchers can also obtain new properties. This is particularly
the case with manganese. Studies conducted in recent years by
Zhang et al.14 have shown that doping cobalt ferrite with Mn, at
a concentration of between 10 and 20%, signicantly increases
magnetic anisotropy while improving relative dielectric
permittivity from 15 to 25 at a frequency of 1 MHz. These
modications optimize the magnetic and dielectric perfor-
mance required for miniaturized spintronic devices. Further-
more, Singh et al.19 highlighted the effect of manganese on the
photoluminescent properties of cobalt ferrite nanoparticles,
characterized by an emission peak centered at 520 nm, the
intensity of which is modulated according to the Mn content.
This photoluminescent modulation capability makes these
materials particularly suitable for optoelectronic applications,
particularly in the eld of sensors. These alterations in prop-
erties are attributable to a redistribution of cations within the
spinel structure, thereby modifying magnetic exchange inter-
actions and the local electronic structure. Kumar et al.20 pointed
out that the use of advanced synthesis techniques, such as the
solvothermal method, allows precise control of the size of the
nanoparticles, generally maintained between 15 and 25 nm,
which facilitates the adjustment of functional properties
according to the specic needs of the intended applications.
Atif et al.21 examined the effect of Mn substitution on the
properties of a series of Co(1−x)MnxFe2O4 ferrites (0.0# x# 0.4)
synthesized by the solid-state reaction method. They observed
an increase in the lattice parameter, as well as a decrease in
density deduced from X-ray diffraction and average grain size
with increasing Mn(x) content. The electrical study reveals
a considerable increase in total resistance and grain and grain
boundary resistance with increasing Mn content. This is linked
to changes in cation distribution and microstructure. Dielectric
properties also undergo strong variations under the effect of
cation redistributions and morphological evolutions associated
with the increase in Mn concentration. These observations
suggest that it is possible to control the structural and electrical
properties by modifying the Mn ion content in cobalt ferrite.
However, the high resistance values of these samples could
make them suitable for potential future use in high-frequency
applications. P. Sowjanya et al.22 demonstrated that the Ni0.5-
Co0.5Fe2O4 compound exhibits higher sensitivity to aging at low
magnetic elds, which constitutes a limitation for certain
applications. However, this characteristic can be exploited
advantageously in devices such as magnetic actuators and
31854 | RSC Adv., 2025, 15, 31853–31864
transducers, where dynamic response is paramount. Graphene-
based Sm-doped cobalt ferrite nanoparticles were developed by
Rania Ramadan et al.23 Analyses show that this sample exhibits
antibacterial activities against both Gram-positive and Gram-
negative bacteria, with inhibition zones reaching 12–14.5 mm
in diameter. In addition, the sample demonstrated a high
adsorption capacity for Pb2+, with a maximum removal effi-
ciency of 99.8%. These results suggest that nanoscale samples
of graphene-based Sm-doped Co-ferrite have potential for use as
a bio-adsorbent and antibacterial agent. Practical and effective
solutions for water disinfection are thus conceivable. Studies on
the dielectric properties of aluminum-doped cobalt ferrite by
Raghavender et al.24 show lower values for dielectric constant
and losses. It is therefore a promising material as a microwave
absorber for high-frequency applications. Iron (Fe), a major
component of ferrites, plays a key role in the crystal structure by
occupying the tetrahedral and octahedral sites of the spinel
lattice. This distribution inuences the stability of the material
as well as its electrical and optical properties, such as permit-
tivity, dielectric loss, and response to wavelengths in the visible
and near-infrared spectrum.25 Heat treatments, such as
annealing at different temperatures, are essential for control-
ling the microstructure, grain size, and ion distribution, which
allows for ne tuning of the functional performance of
ferrites.1,2 Specically, our study focuses on spinel ferrite of
composition Co0.33Mn0.33Fe2.33O4, where Co2+ and Mn2+ ions
were introduced in equal amounts, while a controlled excess of
Fe3+ ions served to both stabilize the structure and maintain
electrical neutrality. This specic cationic composition enables
the material's functional properties to be modulated with great
precision. More specically, the study examines the impact of
annealing temperature on various properties, such as structure,
morphology, optical and dielectric properties, with a view to
optimizing the performance of this material in optoelectronic
applications and in dielectric components.
2. Materials and methods

Co0.33Mn0.33Fe2.33O4 compound is synthesized by the chemical
coprecipitation method using as precursors Fe(NO3)3$9H2O,
Mn(NO3)$4H2O and Co(NO3)2$6H2O, which react following the
chemical reaction (1).

0.33 × Co(NO3)2$6H2O + 0.33 × Mn(NO3)2$4H2O

+ 0.33 × Fe(NO3)3$9H2O/ Co0.33Mn0.33Fe2.33O4

+ liberated products (1)

Aqueous solutions are prepared by dissolving each chemical
compound in distilled water (0.2 molar (Fe(NO3)2$9H2O) in
100 ml distilled water, 0.015 molar (Mn(NO3)2$4H2O) in 100 ml
distilled water and 0.085 molar (Co(NO3)2$6H2O) in 100 ml
distilled water). Then the solutions are mixed and stirred at
400 rpm at 80 °C for two hours to obtain a homogeneous
product. The aqueous solution of the co-precipitant (NaOH) is
simultaneously prepared in distilled water (0.5 molar NaOH in
100 ml distilled water) and sprayed drop by drop into the
homogeneous solution under stirring (400 rpm) at 80 °C, until
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Rietveld refinement parameters of Co300 and Co600, X-ray
parameters, X-ray density (rX-ray), bulk density (rexp)

Sample Co300 Co600

Space group Fd�3m
Cell parameters a (Å) 8.3581 8.3849

V (A3) 583.87 589.51
Agreement factors c2 (%) 1.06 1.14
Average crystallite size (nm) Dsc 28 32
Stress 3 85 × 10−5 34 × 10−5

Density (g cm−3) rX-ray 6.62 6.55
Bulk density (g cm−3) rexp 6.48 6.36
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a nal pH of 10.0 ± 0.1 is reached (continuous measurement
with a calibrated pH meter). The heating process is stopped
aer about 50 min and stirring is carried out for another two
hours. The obtained precipitate was washed ve to six times
using distilled water and then oven-dried at 80 °C for 24 hours.
The mixture was calcined at two temperatures (300 °C and 600 °
C) for six hours, then ground for two hours. The resulting
powder was then pressed into a pellet. The nal compound was
analyzed structurally, morphologically, dielectrically and opti-
cally. The crystalline structure was analyzed by X-ray diffraction
(XRD) at room temperature in the angular range from 10° to
90°. This analysis was used to study the crystalline nature and
phase purity of the ferrites. Morphology was examined using
eld emission scanning electron microscopy. Optical data was
collected using a UV-visible-NIR spectrophotometer to deter-
mine the gap energy. Dielectric measurements were made using
an impedance bridge over a frequency range of 80 Hz to 10
MHz, with a temperature range of 300 K to 640 K.

3. Results and discussions
3.1. X-ray diffraction analysis

X-ray diffractograms of our Co0.33Mn0.33Fe2.33O4 samples
annealed at 300 °C and 600 °C were recorded at room
Fig. 1 Refined XRD patterns of Co0.33Mn0.33Fe2.33O4 annealed at 300 °
C (a) and 600 °C (b) at room temperature. The red dotted line stands
for the experimental data. The calculated data are represented by
a black continuous line. The curve in blue shows the difference
between the experimental and calculated patterns. The vertical bars in
green indicate the Bragg positions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
temperature over an angular range of 10 to 90° as shown in
Fig. 1. It is observed that all peaks are well indexed in the cubic
system with the Fd�3m space group. The absence of impurity
peaks conrms the purity and the single phase of the studied
samples. The intensity of the peaks increased with annealing
temperature, indicating an improvement in crystallinity. All the
structural data deduced from our Rietveld analysis are reported
in our previous work.26 In order to provide a comprehensive
summary of the physical parameters extracted from the XRD
data, including the space group, cell parameters, agreement
factors, and the apparent and theoretical densities, these values
are compiled and presented in Table 1. Analysis of the di-
ffractograms using the Williamson–Hall method27 allowed us to
estimate the average size of the crystallites D as shown in Fig. 2,
based on the equation (2):

bhkl cos q = kl/D + 43 sinq (2)

where bhkl denotes the width at half height, k represents
a constant, q indicates the diffraction angle, 3 signies the
stress, while l represents the wavelength of the X-ray (Ka line, l
= 1.541 836 Å). Estimates of average crystallite sizes and
deformations are summarized in Table 1. As shown in this
table, there is an increase in the average crystallite size from
28 nm to 32 nm, accompanied by a decrease in 3 deformation
from 85 × 10−5 to 34 × 10−5, as the annealing temperature
increases. These results conrm a signicant improvement in
crystallinity with increasing annealing temperature.28

3.2. Morphology proprieties

Morphological structure and grain size and shape have a major
impact on the dielectric and optical properties of ferrites. In
order to assess the surface nish and grain size, as well as any
microstructural transformations, we carried out a microstruc-
tural analysis on the compound Co0.33Mn0.33Fe2.33O4 annealed
at 300 °C (Co300) and 600 °C (Co600) for 6 hours.

3.2.1. Scanning electron microscopy (SEM) studies.
Morphological studies of the samples annealed at 300 °C and
600 °C were carried out using eld emission scanning electron
microscopy (FESEM) with an accelerating voltage of 5 kV. Ob-
tained images are shown in Fig. 3. It can be seen that the
nanoscopic particles aggregate due to magnetic interactions
between the atoms forming this material, giving the impression
that the grain size is larger than expected. It should also be
RSC Adv., 2025, 15, 31853–31864 | 31855
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Fig. 2 Williamson–Hall plots for samples Co300 (a) and Co600(b).
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noted that the aggregation in the Co600 sample is more marked
than in the Co300 sample, which can be attributedmainly to the
increase in annealing temperature, which induces an increase
in mobility.29

Average grain size was calculated using the ImageJ soware.
Grain diameters (D1) were measured in the SEM image and the
data was collected and evaluated using function (3):

f ðD1Þ ¼
�

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2psD1

p
�
exp

2
664�

ln2

�
D1

D0

�

2s2

3
775 (3)

where s and D0 represent the mean diameter obtained from
SEM and scatter data for Co0.33Mn0.33Fe2.33O4 ferrite, respec-
tively. As shown in the histogram in Fig. 4 statistical analysis of
the grain diameters allows us to deduce the average grain size,
Fig. 3 SEM images of Co0.33Mn0.33Fe2.33O4 annealed at 300 °C (a) and

31856 | RSC Adv., 2025, 15, 31853–31864
which is around 1.95 mm for Co300 and 3.53 mm for Co600. The
agglomeration ratio also increases with the annealing temper-
ature, rising from 3 for Co300 to 6 for Co600, indicating that the
particles agglomerate easily at higher temperatures. This study
shows that the grain size observed in the SEM micrographs for
the two samples is larger than the size estimated from the XRD
data. This indicates that each grain is made up of numerous
crystallites29 and that higher temperatures promote both grain
growth and particle agglomeration.

3.2.2. Energy dispersive X-ray (EDX) analysis. EDX spec-
troscopy analysis (shown in Fig. 5) was used to assess the
elemental purity of our compounds. The EDX spectra observed
for each compound revealed peaks corresponding to manga-
nese (Mn), cobalt (Co), iron (Fe) and oxygen (O), with the
absence of any other impurity peaks (the peaks of Na and Si
originate from adhesive tape made of silicone-based adhesive,
600 °C (b).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Histogram of the particle size distribution obtained by SEM image analysis of Co0.33Mn0.33Fe2.33O4 annealed at 300 °C (Co300) and
600 °C (Co600).
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and the carbon peak originates from the sample support), thus
conrming the high chemical purity of the prepared
compounds. The results, presented in weight percentages and
atomic percentages (Table 2), conrm the expected stoichiom-
etry of our samples. The precise distribution of elements allows
verication of the synthesis quality and material homogeneity,
which are essential for interpreting the structural and func-
tional properties.

Fig. 6 show the elemental maps of our Co300 and Co600
samples. These images reveal a uniform distribution of all the
elements according to the initial concentrations during the
preparation of the ferrites.20
3.3. Optical properties

3.3.1. Optical reectance spectra. We recorded the scat-
tered reectance spectra of the compound Co0.33Mn0.33Fe2.33O4

annealed at 300 °C and 600 °C, at room temperature in the
wavelength range (between 200 and 1700 nm). They are shown
in Fig. 7. For the Co300 sample, reectance is low in the UV
range, suggesting maximum absorption in this range. In
contrast, the reectance values are high in the visible range,
indicating strong optical scattering of this material in this
region. However, when the annealing temperature is increased,
the reectance becomes high over the entire wavelength range,
including the UV, with a marked increase compared with the
Co300 sample. This phenomenon could be associated with
crystal growth, as indicated by analysis of the morphology of
these compounds.

3.3.2. Optical gap energy. The optical gap energy Eg is
estimated using the Kubelka–Munk (KM) function F(R)28 (4)
given by:

FðRÞ ¼ ð1� RÞ2
2R

¼ a

s
(4)

where R represents the scattered reectance, S is the scattering
factor (it is independent of wavelength) and a is the absorption
coefficient, related to Eg by the Tauc relation3 (5):
© 2025 The Author(s). Published by the Royal Society of Chemistry
(ahn)n = A(hn − Eg) (5)

where n is the photon frequency, h is Planck's constant and n is
a coefficient whose value depends on the nature of the transi-
tion. It is equal to 2 or 1

2 if the transition is direct or indirect
permitted and to 3 and 3

2 if it is direct or indirect non-permitted
respectively. It has been shown in the literature30 that in
compounds based on spinel ferrite and its alloys, the transi-
tions are of the direct type, where the value of n is then equal to
2.

Therefore equations (4) and (5) give (6):

ðFðRÞhnÞ2 ¼ A

s

�
hn� Eg

�
(6)

The plot of (F(R)hn)2 as a function of the photon energies hn
and the extrapolation of the linear region of this curve to the X-
axis (i.e. (F(R)hn)2 = 0), as shown in Fig. 8, yields to the values
of Eg. The obtained values for the bandgap width are estimated
to 3.13 eV for Co300 and 2.45 eV for Co600. The gap energy
decreases from 3.13 eV to 2.45 eV as the annealing tempera-
ture increases. Based on the X-ray diffraction results, we
showed that the average crystallite size increases with
increasing annealing temperature. This increase in crystallite
size can inuence the density of localized states, as the
expansion or contraction of the optical bandgap correlates
with the density of localized states. Consequently, this
reduction in the band gap could be linked to the increase in
the density of localized states.31 On the other hand, the optical
band gap is affected by the difference between the energy
widths of tetrahedral and octahedral sites in ferrite structures.
The division of the d-level to eg and t2g caused by a crystal eld
means that tetrahedral sites have a lower energy width than
octahedral sites. The corresponding energy gap is given by the

relation Dt ¼ 4
9
Do, with Dt and Do representing the energy

gap at these two sites respectively.32,33 In the present study, it is
likely that there is a repositioning of the cations on the sites
following annealing at higher temperatures, leading to
RSC Adv., 2025, 15, 31853–31864 | 31857
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Table 2 Elemental distribution of Co0.33Mn0.33Fe2.33O4 ferrite obtained by EDX spectroscopy

Element Series

Atom. C [at%] Norm. C [wt%]

Co300 Co600 Co300 Co600

Carbon (from sample support) K-series 7.13 12.75 3.17 6.10
Oxygen K-series 62.63 61.72 37.11 39.36
Sodium (from adhesive tape) K-series 2.19 1.29 1.86 1.18
Silicon (from adhesive tape) K-series 0.22 0.69 0.23 0.77
Manganese K-series 2.28 2.09 4.63 4.57
Iron K-series 22.96 18.78 47.50 41.80
Cobalt K-series 2.45 2.61 5.53 6.13

Fig. 5 EDX images of Co0.33Mn0.33Fe2.33O4 annealed at 300 °C (a) and 600 °C (b).

31858 | RSC Adv., 2025, 15, 31853–31864 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Elemental maps of Co0.33Mn0.33Fe2.33O4 annealed at 300 °C (a–e) and 600 °C (f–j).
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a variation in the optical bandgap. The increase in annealing
temperature in our Co0.33Mn0.33Fe2.33O4 sample probably led
to the redistribution of Mn and/or Co ions from one site to
another, thus decreasing the optical band gap due to the
© 2025 The Author(s). Published by the Royal Society of Chemistry
smaller value of Dt compared to Do.34 Theoretical studies
based on density functional theory (DFT) strongly support this
interpretation. Fritsch et al.35 demonstrated that increasing
the inversion degree in ZnFe2O4 modies the distribution of
RSC Adv., 2025, 15, 31853–31864 | 31859
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Fig. 7 Reflectance spectra of the compound Co0.33Mn0.33Fe2.33O4

annealed at 300 °C and 600 °C at room temperature in the wavelength
range between 200 and 1700 nm.

Fig. 8 Plot of (F(R)hn)2 as a function of the photon energies hn of
Co0.33Mn0.33Fe2.33O4 annealed at 300 °C (a) and 600 °C (b).
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electronic states and progressively narrows the band gap.
Similarly, DFT + U calculations on inverse NiFe2O4 revealed an
indirect gap of around 1.6 eV, sensitive to site occupancy and
spin state.36 Ulpe et al.37 further showed that the magnitude of
the band gap in MFe2O4 (M = Mn, Co, Ni, Zn) is governed by
cation conguration, spin state, and orbital interactions. More
recently, a DFT study on Mn–Zn substituted ferrites conrmed
that cation redistribution between A and B sites alters the
electronic band structure and decreases the band gap while
maintaining semiconducting behavior.38 These theoretical
ndings are consistent with our experimental results, sug-
gesting that annealing-induced cation migration plays
a central role in the observed reduction of the optical band
gap.

To conrm that the type of gap is direct type, we have plotted
the spectrum of variation of the rst derivative of reectance�
dR
dl

�
as a function of wavelength (l) (Fig. 9). We observe that

the gap energy values deduced from the rst-derivative method
of reectance are very close to those estimated by Tauc's law,
which clearly conrms the direct nature of the gap.39
3.4. Dielectric proprieties

3.4.1. Real part of permittivity. Dielectric properties
generally reveal details about polarization mechanisms present
in samples. Fig. 10 shows the variation of the real part of
permittivity (30) as a function of frequency at different temper-
atures. It can be seen that at low frequencies, 30 shows higher
values for both samples, commonly attributed to interfacial
(Maxwell–Wagner) polarization caused by charge accumulation
at grain boundaries, as observed in spinel ferrites.40 This
suggests that such materials could be promising for energy
storage applications at lower frequencies. However, as
frequency rises, 30 values generally decrease because dipoles and
charge carriers cannot follow the rapidly alternating electric
31860 | RSC Adv., 2025, 15, 31853–31864
eld. An increase in 30 observed in certain frequency ranges
indicates dielectric dispersion related to localized electronic
states and hopping conduction mechanisms between these
states, in agreement with Mott's model.41,42 Furthermore, for
Co300 (Fig. 10(a)), 30 decreases with temperature, then increases
at a temperature equal to 420 K, indicating a metal–semi-
conductor transition linked to changes in carrier mobility or
structural rearrangements. Similar temperature-dependent
dielectric anomalies have been reported in cobalt ferrites.43

However, for Co600 (Fig. 10(b)), 30 increases with temperature,
reecting thermal activation of the charge carriers, that
enhances polarization via hopping conduction, as supported by
experimental and theoretical studies.44–46 These observations
conrm that the dielectric behavior of these spinel
ferrites results from the interplay of interfacial polarization,
crystal eld effects on electronic states, and charge hopping
mechanisms.

3.4.2. Imaginary part of permittivity. Fig. 11 shows the
frequency dependence of the imaginary part of the dielectric
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04995d


Fig. 9 Variation of the first derivative of reflectance

�
dR
dl

�
as a func-

tion of wavelength (l) of Co0.33Mn0.33Fe2.33O4 annealed at 300 °C (a)

and 600 °C (b).

Fig. 10 Frequency-dependent real (30) part of the dielectric constant
measured at different temperature for samples Co300 (a) and
Co600 (b).
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permittivity (300) for different temperatures. It is clear that the
value of the imaginary part of the dielectric permittivity (300) is
high at low frequencies. This effect may be due to an increase in
carrier density45,46 and interfacial polarization effects such as
Maxwell–Wagner polarization.40 These phenomena contribute
to signicant dielectric losses due to charge accumulation and
relaxation processes at grain boundaries. However, at high
frequencies it tends towards 0, indicating the inability of charge
carriers and dipoles to follow the rapidly alternating electric
eld, leading to reduced energy dissipation. This behavior is
consistent with dielectric dispersion caused by localized elec-
tronic states within the bandgap. It can be seen also that for
Co300 (Fig. 11(a)), the value of the imaginary part of the
dielectric permittivity (300) decreases with temperature and then
increases, indicating a metal–semiconductor transition. This
transition reects changes in carrier mobility and possible
structural rearrangements affecting the electronic structure.
The redistribution of cations alters crystal eld splitting of
transition metal d-orbitals, creating localized states that
© 2025 The Author(s). Published by the Royal Society of Chemistry
facilitate charge hopping mechanisms, which in turn inuence
dielectric losses.44,47 In contrast, for Co600 (Fig. 11(b)), 300

successively increases with temperature, providing evidence of
semiconductor behavior characterized by thermally activated
charge carriers enhancing dielectric losses via hopping
conduction, as described by Mott's theory of conduction in
localized states.43,48

3.4.3. Dielectric loss. Additionally, dielectric loss tan(d) is
examined. This parameter denes the dispersion of electrical
energy within a dielectric material when an electric eld is
applied, thereby facilitating an understanding of the efficiency
of energy storage and transmission in electrical systems. This
parameter is deduced from relation (7):

tanðdÞ ¼ 3
00

3
0 (7)

Fig. 12 shows the frequency dependence of the dielectric loss
at different temperatures. It can be seen that at low frequencies,
tan(d) shows a high value. This can be explained by the existence
of interfacial (Maxwell–Wagner) polarization caused by charge
accumulation at grain boundaries, which results in an
RSC Adv., 2025, 15, 31853–31864 | 31861
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Fig. 11 Frequency-dependent imaginary (300) part of the dielectric
constantmeasured at different temperature for samples Co300 (a) and
Co600 (b).

Fig. 12 Frequency-dependent dielectric loss factor measured at
different temperature for samples Co300 (a) and Co600 (b).
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increased energy demand to generate charge carrier mobility.40

This polarization is strongly inuenced by the local electronic
structure, as cation redistribution modies the crystal eld
splitting of transition metal d-orbitals, creating localized states
that govern charge transport. As frequency increases, tan(d)
decreases. This variation can be attributed to the decreasing
resistivity of the material, resulting in lower energy consump-
tion of charge carrier ow.

Concerning the variation with temperature, tan(d) increases
with temperature in the low-frequency region for the Co300
sample (Fig. 12(a)) reecting enhanced charge carrier hopping
between localized states facilitated by thermal activation,
consistent with the Mott hopping conduction model.44,47

However, in the high-frequency region, tan(d) decreases. Then,
it increases above a transition temperature equal to 420 K,
indicative of a metal–semiconductor transition altering the
electronic structure and carrier dynamics. For the Co600 sample
(Fig. 12(b)), there is a signicant increase in dielectric loss as
a function of temperature over the entire frequency range. This
can be explained by the enhanced mobility of charge carriers
and their accumulation at grain boundaries as a result of
31862 | RSC Adv., 2025, 15, 31853–31864
increased temperature, which leads to an increase in dielectric
loss.

3.4.4. Nyquist diagram. To identify the different contribu-
tions of microstructure to the conduction process in the
Co0.33Mn0.33Fe2.33O4 compound annealed at 300 and 600 °C, we
have plotted the Nyquist diagram or specic temperatures
shown in Fig. 13.

For the Co300 sample (Fig. 13(a)), the Nyquist plot shows two
semicircles corresponding to the grains and grain boundaries,
with radii increasing with temperature. This behavior reects
enhanced charge carrier mobility and stronger interactions
between microstructural features, consistent with the observed
average grain size (∼1.95 mm). The plot was modeled using two
series RC circuits ((Rgb − CPEgb) for the grain boundaries and
(Rg − CPEg) for the grains), where the CPE accounts for devia-
tions from ideal capacitive behavior due to microstructural
heterogeneities.49

For Co600 (Fig. 13(b)), three semicircles are observed at low
temperatures (300 and 340 K), corresponding to the grains,
grain boundaries, and electrode interface, while above 340 K,
only two arcs appear and their radii decrease with increasing
temperature. This behavior is consistent with grain growth aer
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Nyquist diagram and associated electrical circuits for samples
Co300 (a) and Co600 (b).
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annealing (∼3.53 mm), which reduces the resistance of the
grains. The Nyquist plots were tted with three series circuits at
low temperature (Re − CPEe, Rgb − CPEgb, Rg − Cg) and two
circuits at higher temperatures (Rgb − CPEgb, Rg − Cg). The
capacitance values allow identication of each component, with
the electrode effect exhibiting the highest capacitance, followed
by grain boundaries and grains, conrming that microstructure
and annealing directly inuence the electrical response of the
ferrite.50
4. Conclusion

Co0.33Mn0.33Fe2.33O4 was synthesized by the coprecipitation
method. Structural analysis by X-ray diffraction shows that our
compound crystallizes in the cubic structure of the space group
© 2025 The Author(s). Published by the Royal Society of Chemistry
Fd�3m. The intensity of the X-ray diffraction peaks increases with
the annealing temperature which signies that the crystallinity
is improved. The morphological study shows an increase in
grain size from 1.95 mm to 3.53 mm with increasing annealing
temperature. EDX analysis reveals the presence of all elements
and the absence of any impurities. These proprieties proved the
efficiency of the preparation process. The optical results show
a decrease in the bandgap width with increasing annealing
temperature, from 3.13 eV to 2.45 eV indicating that this
reduction in the bandgap could be related to the increase in the
density of localized states in our material. Furthermore,
dielectric characterization revealed a high dielectric constant
associated with low loss, highlighting the material's potential
for the design of miniaturized capacitors offering increased
energy storage density and improved efficiency. In addition,
these characteristics make the material suitable for electro-
magnetic absorbers operating in the GHz range, useful for
reducing interference in electronic devices. However, limita-
tions remain, including thermal stability, which must be
improved to ensure long-term performance, as well as the need
to adapt the synthesis process for large-scale production of thin
lms with optimal reproducibility. Future work will also focus
on developing thin lms using suitable techniques to enable
the effective integration of these ferrites into electronic devices
and industrial applications.
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